I. Introduction
===============

Bone graft is one of the most common treatment modalities for bony defects. Note, however, that this method has many disadvantages, including insufficient bone volume, donor site morbidity, bone resorption, and discomfort. Still, recent studies based on multipotent stem cells have shown new possibilities for the treatment of bony defects. Hematopoietic stem cells (HSCs) have been reported to be able to make skeletal muscle[@B1],[@B2], cardiac muscle[@B3],[@B4], and liver[@B5] because they can differentiate into adipocytes[@B1], condrocytes[@B6],[@B7], myocytes[@B1],[@B8] and osteoblast[@B7],[@B9], but there are ethical and surgical limitations[@B6],[@B10]. In contrast, mesenchymal stem cells (MSCs) can overcome these limitations[@B11],[@B12].

Recently, MSCs in the human maxillary sinus membrane have been known to differentiate to osteoblasts under some conditions. Gruber et al.[@B11] reported that porcine sinus mucosa cells were positive for STRO-1 and alkaline phosphatase (ALP) activity. They concluded that the sinus mucosa holds mesenchymal progenitor cells committed to the osteogenic lineage by responding to bone morphogenic protein (BMP)-6 and BMP-7. According to Kim et al.[@B13], MSCs in the human maxillary sinus membrane were differentiated to osteoblasts under osteogenic induction. They found that those cells expressed ALP and osteocalcin (OC). Note, however, that there are controversies regarding MSCs\' biological safety and effectiveness.

Statin is an inhibitor in the reduction of 3-hydroxy-3-methylglutaryl coenzyme A (HMG Co-A) and is used for lowering serum cholesterol[@B14]. Recently, statin has been reported to be able to enhance bone metabolism and new bone formation. Simvastatin increased cancellous bone volume when orally administered to rats[@B14]. It also increased cancellous bone mass and cancellous bone compressive strength[@B15], and these results were related to the increased rate of new bone formation[@B14],[@B16].

As a protein that regulates the differentiation and function of osteoblasts and chondrocytes, BMP has a major role in bone formation[@B17]. After the adipose-derived stromal cells modified with the BMP-2 gene were implanted into ulnar defects in the canine model, these cells produced significant new bone[@B18]. BMP-2 and vitamin D(3) had synergistic effect on the osteogenic differentiation of adipose stem cells[@B19]. For these reasons, osteogenic differentiation of human MSCs has been evaluated with BMP-2 mRNA expression levels[@B20],[@B21].

We hypothesized that simvastatin wields a beneficial effect on the osteogenic potential of human maxillary sinus membrane-derived stem cells (hSMSCs). This study sought to evaluate the osteoinductive potential of simvastatin and osteogenic potential of MSCs derived from the human maxillary sinus membrane.

II. Materials and Methods
=========================

The subjects of this study were five adults, and approval was obtained from the institutional review board of College of Medicine, The Catholic University of Korea. Informed consent was provided to patients as per the \'Act on Legal Codes for Biomedical Ethics and Safety\' and the Declaration of Helsinki.

1. Isolation and cultivation of sinus mucosa-derived stem cells
---------------------------------------------------------------

Human maxillary sinus mucosal membrane (hMSM)-derived stem cells were isolated and cultivated in accordance with the author\'s previous study[@B13]. Maxillary sinus tissue was collected and contained in phosphate-buffered saline (PBS; Gibco BRL, Grand island, NY, USA) including 1% antibiotic and antimycotic (10× antibiotic & antimycotic, Gibco BRL) and transported to the laboratory under aseptic condition. It was then washed with PBS (Gibco BRL) including antibiotic and antimycotic, cut into small pieces with a mesh under aseptic condition, treated with 0.06% collagenase type II (Invitrogen, Carlsbad, CA, USA), shaken with an incubator (CO~2~ incubator; Forma Scientific, Marietta, OH, USA) containing 5% CO~2~ at 37℃ for 4 hours, and centrifuged at 1,000 rpm for 10 minutes (large-capacity table-top centrifuge; Hanil Science Industrial, Gangneung, Korea). The precipitate was suspended onto α-MEM (Sigma-Aldrich, St. Louis, MO, USA) containing 10% fetal bovine serum (Hyclone, Logan, UT, USA) and 1% Penicillin-Streptomycin (Gibco BRL) and filtered with 40 µm cell strainer (BD Bioscience, Bedford, MA, USA). Tissues except hMSM-derived cells were filtered, with the filtered out solution cultured in the incubator. The daily morphological characteristics were observed with inverted microscope, and the culture solution was replaced every other day. When the medium was changed, cells not adhering to the culture plate were removed; only the adhering cells were cultured. When culture dishes became near-confluent, cells were separated with Trypsin-EDTA (Gibco BRL) and subsequently repeated for continued passaging. The cells were cultured at passage 3.

2. Adult stem cells derived from human maxillary sinus membrane
---------------------------------------------------------------

Colony-forming unit-fibroblast assay was used to evaluate MSC presence in hMSM. When the initially cultured cells became near confluent, cells were separated with Trypsin-EDTA, plated at 1×10^4^ cells/mL onto the 100 mm culture plate, stained with hematoxilin (Sigma-Aldrich) after 24 hours, and observed with inverted microscope.

Flow cytometry on cell surface markers STRO-1, CD105, and CD34 for the separation of MSCs from hMSM was conducted. The hMSM-derived cells at passage 3 were plated into a test tube (Bectom Dickinson, Franklin Larks, NJ, USA) by 1×10^4^ cells/mL. The antibodies of CD34 (BD Bioscience) and CD105 (Serotec, Oxford, UK) - to which fluorescein isothicyanate (FITC) and phycoerythrin were adhered - were treated for 1 hour and washed with wash buffer 3 times, and the origin of stem cell was observed with flow cytometry (BD Bioscience). For STRO-1 (human anti-mouse monoclonal antibody, IgM subclass; R&D system, Minneapolis, MA, USA), antibody was treated for 1 hour and washed 3 times with wash buffer; the secondary antibody to which FITC was attached was treated for 30 minutes, washed 3 times with wash buffer, and observed with flow cytometry.

3. Determination of adequate dose of simvastatin with reverse transcriptase-polymerase chain reaction of BMP-2 mRNA
-------------------------------------------------------------------------------------------------------------------

Sinus mucosa-derived stem cells were washed with PBS 72 hours after treatment on normal media and simvastatin (0.1, 0.2, 0.5, 1.0, 2.0 µM)-treated media. Afterward, the cells were collected with cell scraper (Sarsted, Newton, NC, USA). After the total RNA was separated by QIAGEN RNA extraction kit (QIAGEN, Hilden, Germany), it underwent reverse transcription reaction with the separated RNA, sense primer, antisense primer, and reverse transcriptase-polymerase chain reaction (RT-PCR) premix (Bioneer, Daejeon, Korea) for 60 minutes at 42℃ and 5 minutes at 94℃ and denatured for 5 minutes at 94℃ and 1 minute at 94℃, and genes were annealed for 90 seconds at 52℃, elongated for 1 minute at 72℃, and then annealed and elongated repeatedly 30 times and incubated for 5 minutes at 72℃.([Table 1](#T1){ref-type="table"})

4. Determination of adequate dose of simvastatin with western blotting of BMP-2
-------------------------------------------------------------------------------

Sinus mucosa-derived stem cells were washed with PBS 72 hours after treatment on normal media and simvastatin (0.1, 0.2, 0.5, 1.0, 2.0 µM)-treated media. The cells were then collected with cell scraper (Sarsted) and spun at 12,000 rpm for 20 minutes at 4℃ after being rinsed with RIPA-B buffer (0.5% Nonidet P-40, 20 mM Tris, pH 8.0, 50 mM NaCl, 50 mM NaF, 100 µM Na~3~VO~4~, 1 mM DTT, 50 µg/mL PMSF) for 1 hour at 4℃. The supernatant was transferred to the nitrocellulose membrane, blocked with TTBS (1 M Tris, 1.5 M NaCl, 500 µL Tween 20) containing 5% skim milk, and treated by BMP-2 primary antibody and secondary antibody. Afterward, the results were detected by the radioactive system.

5. Expression of osteocalcin with RT-PCR
----------------------------------------

Sinus mucosa-derived stem cells were cultured 3, 6, 9, and 12 days after treatment on normal media and determined concentrated simvastatin-treated media. After the total RNA was separated with QIAGEN RNA extraction kit, it underwent reverse transcription reaction with the separated RNA, OC sense primer, antisense primer, and RT-PCR premix for 60 minutes at 42℃ and 5 minutes at 94℃ and denatured for 5 minutes at 94℃ and 1 minute at 94℃; genes were annealed for 90 seconds at 52℃, elongated for 1 minute at 72℃, and then annealed and elongated repeatedly 30 times and incubated for 5 minutes at 72℃.([Table 1](#T1){ref-type="table"})

6. Alkaline phosphatase staining
--------------------------------

The control and simvastatin-treated group were each washed 3 times with sterile triple-distilled water 3, 6, 9, and 12 days after the treatment date, fixed with citrate-acetone-formaldehyde fixer solution (Sigma-Aldrich), and washed 3 times with sterile triple-distilled water. They were stained with alkaline-dye mix (Nitrite, FRV-alkaline, Naphthol ASBI alkaline solution; Sigma-Aldrich) with light isolated for 15 minutes at normal temperature, washed 3 times with sterile triple-distilled water, counterstained with hematoxylin, washed again 3 times with sterile triple-distilled water, and observed with inverted microscope. The specimens were observed by two separate observers.

7. Von Kossa staining
---------------------

All groups were washed 3 times with sterile triple-distilled water 3, 6, 9, and 12 days after the treatment date. All groups were fixed with 4% paraformaldehyde (Merck & Co., Inc., Darmstadt, Germany) at normal temperature for 15 minutes and washed again 3 times with sterile triple-distilled water. They were stained for 30 minutes with light isolated with 1% silver nitrate (Merck) solution, washed 3 times with sterile triple-distilled water, left for 1 hour under ultraviolet, counterstained with 0.1% eosin (Sigma-Aldrich), and observed with inverted microscope. The specimens were observed by two separate observers.

III. Results
============

The subjects of this study were five adults (mean age: 20 years old). There were no special events during surgery and at all experimental periods.

BMP-2 mRNA was expressed on the simvastatin group after 72 hours, with the highest expression on the 1.0 and 2.0 µM groups.([Fig. 1](#F1){ref-type="fig"}) BMP-2 protein was also expressed on the 0.5, 1.0, and 2.0 µM simvastatin groups.([Fig. 2](#F2){ref-type="fig"}) BMP-2 mRNA and protein were not expressed on the control and SMSCs only group. The adequate concentration of simvastatin for this experiment was determined to be 1.0 µM.

OC mRNA was expressed 3 days after being treated with 1.0 µM simvastatin.([Fig. 3](#F3){ref-type="fig"}) The intensity of the band increased with time. ALP positive staining appeared on the 3rd day and increased with time.([Fig. 4](#F4){ref-type="fig"}) Von Kossa positive staining appeared on the 6th day, increasing with time.([Fig. 4](#F4){ref-type="fig"})

IV. Discussion
==============

Dental implant is one of the most effective treatment methods for oral rehabilitation. Still, it has to be modified because of unfavorable environments such as excessive alveolar bone loss and sinus pneumatization. To improve such unfavorable environment, bone graft is considered to be the treatment of choice. Especially, maxillary sinus grafting is a standard procedure with dental implant in the posterior maxilla[@B22], and autogenous and various artificial bone substitutes are used in this procedure. Autogenous bone has many disadvantages, e.g., insufficient bone volume, donor site morbidity, bone resorption, and discomfort, even as it is an ideal graft material. Artificial bone graft materials are cell-free, requiring more time for bone healing despite being more convenient to use than autogenous bone[@B22].

Recent studies show that multi-potent stem cells can replace bone graft for the treatment of bony defects[@B23]-[@B26]. Embryonic stem cells may have greater potential[@B27],[@B28], but these cells have some limitations such as bioethical consideration and uncontrolled differentiation. MSCs are adult stem cells with self-renewal capacity and multi-potentiality of being differentiated into multiple mesenchymal cell lineages[@B29]-[@B31]. It also overcomes any bioethical hindrance of the embryonic stem cell. Different types of MSCs and combination methods with various osteoconductive scaffolds have been examined for their potential application in bone regeneration[@B22]. Most of MSCs are generally isolated from bone marrow aspirates harvested from the iliac bone, periosteum of the mandible, or maxillary tuberosity and adipose tissue[@B22]. MSCs are also isolated from the maxillary sinus mucosal membrane[@B11],[@B13]. MSCs from hMSM showed calcified nodule 14 days after being cultured in osteogenic media[@B13]. Note, however, that MSCs in normal media did not show any calcified nodule and OC mRNA. These results suggest that MSCs itself may have not osteogenic potential, and that combination methods with MSCs and osteoconductive scaffold induce new bone formation.

Several studies suggested the beneficial effects of simvastatin on bone formation. Song et al.[@B32] investigated the effect of simvastatin, a widely used statin, on osteoblastic and adipocytic differentiation in primary cultured mouse bone marrow stromal cells. According to them, simvastatin enhanced the expression level of mRNA for OC and protein for OC and osteopontin, increased alkaline phosphatase activity significantly, and inhibited adipocytic differentiation. It was suggested that statin induced the apoptosis of osteoclast and enhanced the differentiation of osteoblast through the inhibition of the mevalonate pathway in cholesterol metabolism and blockade of guanosine-5\'-triphosphatase and prenylation[@B32]. BMP-2 mRNA in human osteoblast-like cells was stimulated by simvastatin[@B14]. The OC mRNA and ALP activity of human alveolar osteoblasts and periodontal ligament cells was also increased by simvastatin[@B33]. Rat mandibular defects were regenerated, increasing bone density after graft with simvastatin[@B34]. Some clinical studies reported that the long-term administration of simvastatin is correlated with increasing bone mineral density and with decreasing bone fracture[@B35],[@B36].

This study has some limitations since quantitative experiments were not performed because of the preliminary study; hence the need for quantitative analysis and evaluation of relative osteogenic potential of simvastatin.

V. Conclusion
=============

In this study, the authors tested the effect of simvastatin on maxillary sinus mucosal stem cells. MSCs were treated with simvastatin. The osteogenic potential of stem cells and simvastatin was evaluated with RT-PCR, and the mineralization of extra cellular matrix was verified by ALP expression and von Kossa staining. We found that BMP-2 was much more expressed in 1 µM simvastatin than the other concentrations. 1 µM simvastatin enhanced the expression of OC mRNA and mineralization. OC mRNA was expressed on the 3rd day in this study. The authors\' previous study showed that MSCs and osteogenic media expressed OC mRNA after 1 week, and that mineralization was detected after 2 weeks[@B13]. Similarly, MSCs did not express OC mRNA and mineralization in this study. These results suggest that the combination of stem cells and simvastatin enhance new bone formation, and that this method may be a useful treatment of bony defects.
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Primer sequences used for RT-PCR of BMP-2, osteocalcin, and β-actin
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(RT-PCR: reverse transcriptase-polymerase chain reaction, BMP: bone morphogenetic protein)
